Abstract A novel design is proposed for highly sensitive surface-plasmon-resonance sensors.
Introduction
Surface plasmon waves, or surface plasmon polaritons (SPPs), are longitudinal charge-density waves which can be excited on the metal-dielectric interface by coupling an electromagnetic field to the charge-density oscillations on the metal surface. Recently, a great deal of attention has been paid to SPPs due to their various applications in microscopy, photonics data storage, light generation, and bio-photonics [1−5] . The surfaceplasmon-resonance (SPR) sensor is one of the important means for biosensing, which offers an optical platform capable of highly sensitive and specific measurement of biomolecular interactions in real-time and has been investigated extensively over the last decade [4, 5] . The integrated waveguide-based SPR sensor has attracted much interest based on its merits of compact size and improved performance. However, two principal difficulties have been identified in the development of the integrated waveguide-based SPR sensor. Phase matching of a waveguide core mode and a plasmonic mode is one of the problems, which comprises equating the effective refractive indexes of the two modes at a given operation wavelength. In the case of single mode waveguide-based sensors, it is hard to realize phase matching between the two modes. Only at higher frequencies [6, 7] the effective refractive index of a plasmonic mode can be high enough to match that of a waveguide core mode. Nevertheless, for higher operation frequencies, the plasmon penetration depth into the analyte is lower, thus the sensor sensitivity is reduced. How to pack a microfluidics setup, waveguide and a metallic layer into a sensor is another problem, which limits the development of waveguide-based sensors. The sensor fabrication process is complicated and its overall economic cost is increased. It is worth noting that since a core mode of Gaussian-shape is suitable for the excitation by standard Gaussian laser sources, ideally it will be necessary to keep the core mode with Gaussian-shape operating near the phasematching point for integrated waveguide-based SPR sensors. Quite recently, SPR sensors based on microstructured optical fibers (MOFs) have attracted immense research interest worldwide [8−15] . The combination of SPR and MOF will have unique advantages in sensing applications. A theoretical model for metalcoated MOFs has been proposed by Kuhlmey et al [10] . They showed that plasmonic resonances can be excited in these MOFs. Gauvreau et al. [11] have demonstrated an SPR sensor based on a honeycomb photonic * supported by the Program Sponsored for Scientific Innovation Research of College Graduates in Jangsu Province, China and 400 · RIU −1 at near-IR wavelength, respectively. A central hole in the fiber core is used to lower the refractive index of a core-guided mode to match that of a plasmonic mode, however, this results in an undesirable intensity dip in the fiber core region for the Gaussianlike core mode. It becomes somewhat difficult to excite it with a common Gaussian laser source. Hautakorpi et al. [12] proposed an SPR sensor based on a threehole photonic crystal fiber, in which plasmonic modes at visible wavelength are excited by the Gaussian core modes, enabling its convenient excitation by the Gaussian beam of an external light source. In this structure, a low-index dielectric is sandwiched between the original MOF and a thin layer of gold to control the overlap between the fundamental core mode and the plasmonic mode. An effective core radius smaller than 1.1 µm is chosen to make the device support a single transverse mode and facilitate the match between the two modes. The spectral sensitivity is 1.0 · 10 3 nm · RIU −1 . Erdmanis et al. [13] presented an SPR sensor based on a Gaussian core mode propagating in an H-shaped optical fiber. A high-index dielectric layer is deposited on top of the metal layer to realize the match between the two modes within the optical C-band. This sensor is open-structured. The grooves can easily be coated with metal and the analyte is in unobstructed contact with the metal surface, which improves the sensor response time and makes online sensing easier. The spectral sensitivity can be up to 5.0 · 10 3 nm · RIU −1 . A series of research work of MOFs-based SPR sensors has also been carried out in various research institutes of China, including an SPR sensor based on near-panda cladding photonics crystal fiber [16] , multi-hole optical fiber SPR sensor [17] and multichannel plasmonics sensor based on wagon wheel fiber [18] . These sensors mostly operate in the visible wavelength range. Recently, a multi-core holey fiber-based plasmonic sensor is reported with resonant wavelengths moved to the longer wavelength range of 800 nm to 1850 nm [19] , which increases the plasmon penetration depth into the analyte and improves the sensor sensitivity.
In this paper, we propose a novel SPR sensor design based on an MOF with two layers of annularshaped holes. A gold layer is deposited on the inner surfaces of the three-holes in the second layer of MOF. The arms in the first air-hole layer, used as supporting strips, with increasing width along the radius are utilized to tune the overlap between the two modes. The excitation of plasmon resonances in the proposed sensor is investigated numerically using the finite element method (FEM). The resonance wavelength can be tuned over the C+L-band. We discuss the effects of several MOF structural variables, such as size of the fiber core, angle of the sector-ring-shaped arms and the gold layer thickness, on the spectral sensitivity of the sensor. We find that the spectral sensitivity of the proposed structure is among the highest reported for fiber sensors within the specified wavelength and refractive index range [13,19−21] .
Geometry of an MOF-based SPR sensor
The schematic design of the MOF based SPR sensor is shown in Fig. 1 . The fiber core is surrounded by two layers of three holes. Holes in the first layer are filled with air (the air refractive index is n air = 1.0). Holes of the second layer are filled with analyte with refractive index of n analyte . A gold layer with thickness d gold =40 nm is deposited on the inner surface of the second hole layer. The dielectric constant of the gold layer is given by the Drude model [22] . The index of the background silica is assumed as 1.45. Theoretically, phase matching requires equating the effective refractive indexes of a core-guided mode and a plasmonic mode at a given wavelength of operation. The effective refractive index of a core-guided mode is close to that of the core material, e.g. n = 1.45 for silica. The effective refractive index of a plasmonic mode is determined by the combination of the background silica, the adjacent analyte, and the metallic coating, typically close to that of the analyte, which in the case of water analyte is ∼1.33. In the proposed structure, the smaller the size of the fiber core, the more the energy of the core-guided mode distributed in the first air-hole layer, thus the lower the effective refractive index of the core-guided mode. Therefore the effective refractive index of the core-guided mode can be reduced by decreasing the size of the fiber core to match that of a plasmonic mode. By adjusting the size of the fiber core, the resonance wavelength can also be tuned across the C+L-band, which will take advantage of the low transmission losses, commercially available light sources, and standard fiber components. On the other hand, low frequency of sensor operation increases plasmon penetration depth into the analyte, thus enhancing sensor sensitivity. In Fig. 1 , we will consider an MOF in which the radius of the fiber core is R=0.86 µm, the outer edge of the first air hole layer is R 1 =3.0 µm, and the thickness of the second layer of holes is d 1 =4.6 µm. Since the thickness of the annular-shaped holes can be several micrometers, the infiltration of analyte into channels becomes easier. The silica layer sandwiched between the two hole layers has a thickness of d 2 =0.4 µm. In the first layer of holes, the corresponding angle of the sector-ring-shaped arms is θ=20
o . The arms, used as supporting strips, with increasing width along the radius give paths to realize the coupling between the core mode and the plasmonic mode. Using this arm with sector ring shape, it is helpful to keep a Gaussian intensity distribution for the core mode when the coupling between the two modes reaches a higher level, while for a conventional rectangular arm, the core mode tends to distort from desirable Gaussian shape during the two modes coupling. By adjusting the value of θ to some extent, without destroying the Gaussian core mode distribution, the coupling strength between the two modes can be controlled and higher sensor sensitivity can be achieved.
Excitations of plasmonic modes in MOF-based sensors
The complex propagation constants of the coreguided and plasmonic modes of the sensor are solved with the finite element method (FEM) using a perfectly matched layer (PML) to match the outmost layer of the fiber. Triangular elements are used to discretize the computation domain, which is meshed into 16,818 elements. Fig. 2(a) presents the effective refractive indexes of the two modes as functions of wavelength in the vicinity of the phase-matching point when n analyte = 1.330. The solid line and dashed line represent the real parts of the effective refractive indexes of a core-guided mode and a plasmonic mode, respectively. The dotted line represents the loss of the coreguided mode, which is proportional to Im(N eff ). For reference, losses in decibels per meter are defined as α(dB/m)=40π·Im(N eff )/(ln(10)λm), where λ is in meters. The phase-matching point is located at the intersection of the solid and the dashed lines, corresponding to the resonance wavelength, 1543.8 nm, where the loss of the core-guided mode increases to the peak. The loss peak at the phase-matching point means that the two modes have coupled mostly. At this point, the electric field and the spatial characteristics of the core-guided mode are given in Fig. 2(b) and (c). The mode is very close to Gaussian across its overall shape. The inset illustrates a typical spatial characteristic of the plasmon excitation. The core-guided mode with Gaussian distribution at the phase-matching point is one of the merits of the proposed sensor design. Fig. 2(d) also gives the curve of the x-axis spatial characteristics of the plasmonic mode. The propagation loss of the core-guided mode as a function of wavelength is plotted in Fig. 3(a) with n analyte changing from 1.320 to 1.331. As seen from this figure, the location of the loss spectra peak, as well as the phase matching wavelength, shifts from 1653.9 nm for n analyte =1.320 to 1643.2 nm for n analyte =1.321, from 1600.0 nm for n analyte =1.325 to 1589.0 nm for n analyte =1.326, from 1543.8 nm for n analyte =1.330 to 1532.2 nm for n analyte =1.331. Over the range of n analyte from 1.320 to 1.331, the resonance wavelength covers the wide C+L band. Fig. 3(a) shows a blue shift of the resonance wavelength with increasing n analyte . This variation trend is opposite to that observed in those MOF-based designs in Refs. [8, 9, 12, 13] . This is mainly due to the relation between the refractive indexes of the core mode and the plasmonic mode shown in Fig. 2(a) . As n analyte increases, the refractive index of the plasmonic mode becomes higher, which makes the two dispersion curves intersect at shorter wavelengths, thus a blue shift of the resonance wavelength. This phenomenon is also observed in a solid core honeycomb photonic crystal fiber-based SPR sensor in Ref. [11] . The shifting speed of the phase matching wavelength vs. n analyte corresponds to the spectral sensitivity [11] of the sensor. As can be seen from the data, with the increase of n analyte , the spectral sensitivity becomes higher and higher. The evolution of the spectral sensitivity with n analyte is plotted in Fig. 3(b) , which is a nonlinear response for the sensor. This response is in good agreement with the numerical simulation results in Ref. [13] and the experimental measurements in Refs. [23, 24] . Fig. 3(b) illustrates high spectral sensitivities of 1.07 · 10 4 nm · RIU −1 for n analyte =1.320, 1.10 · 10 4 nm · RIU −1 for n analyte =1.325 and 1.16 · 10 4 nm · RIU −1 for n analyte =1.330. Recently, several SPR sensors operating within the optical Cband have also been reported, for example the Hshaped optical-fiber-based SPR sensor showing spectral sensitivity up to 5.0 · 10 3 nm · RIU −1 for a change in the analyte refractive index from 1.32 to 1.33 [13] , a polarization-dependent SPR sensor giving a sensitivity of 1370 nm · RIU −1 for n analyte =1.3324 [21] , and a high sensitivity of 9231.27 nm · RIU −1 in sensing range of 1.43-1.53 obtained from a multi-core holey-fiber-based plasmonic sensor [19] . The high spectral sensitivity for this configuration is mainly attributed to the power distribution of the plasmonic mode in the sensor structure. Power fractions of the plasmon within different regions of the sensor are defined as:
where, S z is the z-component of the Poynting vector, subscript x represents four different regions within the sensor structure: air holes, solid material, gold layer and the analyte. As can be seen from the curve of the x-axis spatial characteristics of the plasmonic mode in Fig. 2(d) , most power of the plasmonic mode distributes within the analyte. The power fraction η analyte is relatively high (about 81.7%), hence the effective index of the plasmonic mode is very sensitive to the index of the analyte, which will make the SPR resonance wavelength shift more sensitively with the change of the index of the analyte; this translates to a large spectral sensitivity for this sensor. The spectral width and signal-to-noise ratio (SNR) are also important factors which both contribute to the detection limit for refractive index sensors [19−25] . The detection limit is formulated as δn l = λ FWHM /(4.5 ×S × SN R 0.25 ), where λ FWHM is the full width at half maximum of the resonance, S is the spectral sensitivity in 1.320-1.335, and SN R is in linear units (e.g., 40 dB gives 10 (40/10) ) [19] . The spectral width λ FWHM of the resonance at n analyte =1.320, 1.325 and 1.330 is 17 nm, 23 nm and 31 nm, respectively. Considering an SN R of 40 dB, 25 dB and 15 dB for n analyte =1.320, 1.325 and 1.330, a high detection limit of 1.40 · 10 
Tuning of plasmonic excitations
A plasmonic mode excitation can be readily tuned by varying MOF structural parameters and the gold layer thickness. In what follows, we will discuss the effects of size of the fiber core, angle of the sector-ringshaped arms θ and gold layer thickness d gold on the performance of the sensor, respectively. We keep two of the parameters fixed while varying the third one. Other MOF structure parameters such as R 1 =3.0 µm, d 1 =4.6 µm, d 2 =0.4 µm and n analyte =1.330 are fixed for all cases.
First, we analyze the effect of the fiber core size assuming θ=20 o and d gold =40 nm. Fig. 4(a) shows the losses of the core-guided mode in the vicinity of phasematching points for fiber core radii of R=0.85 µm, 0.86 µm, and 0.87 µm. With the increase of the core radius, the phase-matching point shifts to the longer wavelength region and the loss peak value of the coreguided mode becomes higher. This phenomenon can be explained as follows. The larger radius of the fiber core leads to higher effective refractive index of the coreguided mode, so the cross point (phase-matching point) between the two effective refractive indexes curves in Fig. 2(a) shifts toward longer wavelengths. Then the longer resonance wavelength results in larger coupling efficiency between the two modes, hence the coreguided mode will experience higher propagation loss. The spectral sensitivity versus n analyte is plotted in Fig. 4(b) . It is found that although the decrease in the core radius would shift the SPR resonance wavelength to shorter wavelength, broaden the peaks and lower the SN R of the loss spectra and also lower the coupling between the two modes, this would not change considerably the spectral sensitivity of the sensor. When the core radii are 0.85 µm, 0.86 µm and 0.87 µm, the spectral sensitivities of the sensor are respectively 1. RIU are achievable, respectively. From the above data, we can see that even if the core radius varies on a 10 nm scale the performance of the sensor would still remain relatively good. In other words, the sensor would have broad tolerance for a random variation of core diameter in a real fabricated system, in which a random variation of core diameter on a nm scale would be inevitable.
The performance of the sensor for different angles of the sector-ring-shaped arm (θ=18 o , 20 o and 22 o ) is presented in Fig. 5 . Here, the fiber core radius R=0.86 µm and d gold =40 nm are fixed. For larger θ, the effective refractive index of the core-guided mode is higher, which leads to a red shift of the phase-matching point. The combination of the red shift and larger θ results in higher coupling efficiency between the two modes, so the spectral loss peak of the core-guided mode shifts to longer wavelengths and the peak value increases with the increase of θ, as shown in Fig. 5(a) . The higher coupling efficiency between the two modes for larger θ consequently leads to higher spectral sensitivity, as can be seen clearly in Fig. 5(b) where the spectral sensitivities are plotted as functions of n analyte for different θ. The evolution trends of the spectral sensitivity are almost the same for different arm angles. We also study the influences of the gold layer thicknesses on the propagation loss of a core-guided mode and the spectral sensitivity near the phase-matching point. θ=20
o and R = 0.86 µm are fixed in this case study. Note in Fig. 6(a) that the loss curve is very sensitive to the thickness of the gold layer. Generally, the phase-matching point shifts to longer wavelengths with increasing gold layer thickness. The propagation loss peak increases first and then decreases. The propagation loss spectra for d gold =30 nm are so wide that the signal-to-noise ratio is very low, hence this case is not suitable for refractive index sensing. Therefore, Fig. 6(b) only illustrates the spectral sensitivity of the sensor for d gold =35 nm, 40 nm and 50 nm. It can be seen from Fig. 6(b) that for thinner gold coatings the spectral sensitivities are higher, which is a joint result of the thinner gold layer and the phase-matching point's blue shift. The thinner the gold layer, the more the electric field penetrating through the gold layer and distributed in the analyte, hence the higher the spectral sensitivities. The opposite would result in lower spectral sensitivities. 
Conclusions
In conclusion, we have presented a novel design of an MOF-based SPR sensor for detecting refractive indexes of analytes. In such a sensor, a Gaussian core-guided mode is phase matched with a surface plasmonic mode along the metallized fiber microstructure. The operation wavelength is located at the C+L-band. The spectral sensitivity of 1.0 · 10 4 nm · RIU −1 order and a de- 
